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Transcription factors belonging to the basic helix±loop±helix (bHLH) family have been shown to control differentiation
of a variety of cell types. Tissue-speci®c bHLH proteins dimerize preferentially with ubiquitous bHLH proteins to form
heterodimers that bind the E-box consensus sequence (CANNTG) in the control regions of target genes. Using the yeast
two-hybrid system to screen for tissue-speci®c bHLH proteins, which dimerize with the ubiquitous bHLH protein E12, we
cloned a novel bHLH protein, named Dermo-1. Within its bHLH region, Dermo-1 shares extensive homology with members
of the twist family of bHLH proteins, which are expressed in embryonic mesoderm. During mouse embryogenesis, Dermo-
1 showed an expression pattern similar to, but distinct from, that of mouse twist. Dermo-1 was expressed at a low level
in the sclerotome and dermatome of the somites, and in the limb buds at Day 10.5 post coitum (p.c.), and accumulated
predominantly in the dermatome, prevertebrae, and the derivatives of the branchial arches by Day 13.5 p.c. As differentiation
of prechondrial cells proceeded, Dermo-1 expression became restricted to the perichondrium. Expression of Dermo-1
increased continuously in the dermis through Day 17.5 p.c. and was also detected in the dermis of neonates, but became
downregulated in adult tissues. The Dermo-1 protein bound the E-box consensus sequence in the presence of E12, but
transcriptional activity was not detectable. Instead, Dermo-1 repressed transcriptional activity of myogenic bHLH proteins.
The expression pattern of Dermo-1 suggests that it functions as a regulator of gene expression in a subset of mesenchymal
cell lineages including developing dermis. q 1995 Academic Press, Inc.
INTRODUCTION Mash-1, is essential for formation of the autonomic nervous
system in mice (Guillemot and Joyner, 1993). Several bHLH
Members of the basic helix±loop±helix (bHLH) family of proteins have also been shown to be required for erythroid
transcription factors have been shown to play important development in mice (Zhuang et al., 1994; Bain et al., 1994;
roles in cell fate speci®cation during embryogenesis. The Shivdasani et al., 1995).
skeletal muscle bHLH proteins, MyoD, myogenin, myf5, Tissue-speci®c bHLH proteins dimerize preferentially
and MRF4, for example, act at multiple points in the myo- with ubiquitous bHLH proteins such as E12 and its Dro-
genic lineage to establish myoblast identity and to control sophila homologue daughterless (Murre et al., 1989a). The
the expression of muscle structural genes (Olson and Klein, bHLH motif mediates dimerization between bHLH pro-
1994; Buckingham, 1992; Weintraub, 1993). Similarly, the teins, which brings together their basic regions to form a
achaete±scute complex (AS-C) in Drosophila encodes four bipartite DNA-binding domain that recognizes subsets of
related bHLH proteins, achaete, scute, asense, and lethal- the DNA consensus sequence CANNTG (N, any nucleo-
of-scute, which control the formation of neuroblasts and tide), referred to as an E-box (Murre et al., 1989b). E-boxes
their subsequent differentiation into neurosensory cells (Jan are found in the control regions of numerous tissue-speci®c
and Jan, 1993). A mammalian achaete±scute homologue, genes. The activities of bHLH proteins can be inhibited by
members of the Id family of HLH proteins, which lack a
basic region and form heterodimers with bHLH proteins,Sequence data from this article have been deposited with the
rendering them incapable of binding DNA (Benezra et al.,EMBL/GenBank Data Libraries under Accession No. U36384.
1990).1 Current address: Department of Anatomy and Cell Biology, Col-
We have exploited the ability of E12 to dimerize withlege of Physicians and Surgeons of Columbia University, 630 W.
tissue-speci®c bHLH proteins in order to clone novel tissue-168th Street, New York, NY 10032.
2 To whom correspondence should be addressed. Fax: (713) 791-9478. speci®c bHLH proteins using the yeast two-hybrid system
280
0012-1606/95 $12.00
Copyright q 1995 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ m4070$8024 10-02-95 23:52:04 dba Dev Bio
281Dermo-1: A Novel Twist-Related Protein
(Staudinger et al., 1993; Cserjesi et al., 1995a,b). In this domain of a given protein should be independent of its posi-
tion in the protein. The relatively short inserts made ittechnique, the DNA-binding domain of the yeast transcrip-
tion factor GAL4, fused to the bHLH motif of E12, is used easier to identify the bHLH motif when positive clones were
sequenced.as ``bait'' to screen a cDNA library in which cDNAs are
fused in-frame to the GAL4 transcription activation do-
main. cDNAs whose products dimerize with E12 result in
Library Screening and DNA Sequencingthe reconstitution of a functional transcription factor and
lead to the activation of GAL4-dependent marker genes in The bait plasmid (pASE12) in which the E12 bHLH do-
main was fused in-frame to the GAL4 DNA-binding domainyeast.
Using this type of screen, we isolated a novel bHLH pro- in the yeast expression vector pAS1 has been described pre-
viously (Staudinger et al., 1993). Yeast strain Y153, bearingtein, called Dermo-1, which shares extensive homology
with members of the twist family of bHLH proteins. In the plasmid pASE12, was transformed with 50 mg of the
cDNA library and subsequently plated in synthetic mediumDrosophila, twist has been shown to be essential for the
formation of mesoderm (Simpson, 1983; NuÈ sslein-Volhard lacking Trp-Leu-His and containing 30 mM 3-amino-1,2,4-
triazole. The plates were incubated at 307C for 5 days, andet al., 1984). A single twist homologue, M-twist, has been
identi®ed in mammals (Wolf et al., 1991). During mouse transformants were then transferred to nitrocellulose ®lters
for b-galactosidase assay as described (Staudinger et al.,embryogenesis, M-twist is expressed throughout the newly
formed somites and subsequently in the sclerotome, in ce- 1993). Positive clones were picked, puri®ed, and converted
to the plasmid form. The inserts were ®rst sequenced byphalic neural crest cells, and in limb bud mesenchyme. The
expression pattern of Dermo-1 was similar to, but distinct automated DNA sequencing, and the sequence was ana-
lyzed using the genetic computer group software packagefrom, that of M-twist. While M-twist is expressed at the
highest levels at 9.5 days postcoitum (d.p.c.), Dermo-1 was (Department of Biomathematics, The University of Texas
M.D. Anderson Cancer Center).barely detectable at this stage. However, beginning at 10.5
d.p.c., the expression of Dermo-1 increased continuously in To test for speci®city of interactions, positive clones were
retransformed with a series of heterologous bait plasmids.both mesoderm- and ectoderm-derived cells and accumu-
lated predominantly in dermis as skin development pro- A GAL4-E12 mutant containing a phenylalanine-to-proline
mutation at codon 101 in helix 1 of E12 was generatedceeded. Dermo-1 bound the E-box consensus sequence as a
heterodimer with E12, but it lacked transcriptional activity to determine whether interactions required HLH-mediated
dimerization. This mutant failed to interact with myogeninwhen tested against arti®cial E-box-dependent reporter
genes. Instead, Dermo-1 blocked transcriptional activation or Id in yeast. Positive clones were also transformed with
GAL4-PKC (Staudinger et al., 1995) and GAL4-laminin (aby myogenic bHLH proteins. The correlation between
Dermo-1 expression and dermal cell determination and differ- gift from S. Elledge, Baylor College of Medicine).
To obtain a full-length Dermo-1 cDNA, we isolated theentiation suggests that Dermo-1 plays a role in speci®cation
or differentiation of a subset of mesenchymal cell types. partial cDNA from the yeast two-hybrid screen and used it
to screen a 13.5-d.p.c. embryonic cDNA library (Novagen)
under conditions of high stringency.
MATERIALS AND METHODS
In Vitro Transcription and Translation and Gel
cDNA Library Construction Mobility Shift Assay
In vitro transcription and translation of Dermo-1 and E12To identify novel bHLH proteins that interact with E12,
a cDNA library was constructed using poly(A)/ mRNA from were performed using the Stratagene mRNA capping kit
and Promega rabbit reticulocyte lysate kit according to theheads of Day 13.5 and 15.5 p.c. mouse embryos and brains
of neonatal mice. The cDNA library was constructed using manufacturer's instructions. The Dermo-1 cDNA con-
taining the entire open reading frame was subcloned intomethods similar to those described previously (Elledge et
al., 1991). Brie¯y, 3 mg of mRNA from the above tissues the pBluescript (SK/) vector (Stratagene). Translation reac-
tions were carried out in the presence and absence of [35S]-was reverse transcribed into cDNA using random hexamers
(BRL Superscripts cDNA synthesis kit). A 1.5-mg aliquot of methionine for analysis of products by SDS±PAGE and
DNA-binding assays, respectively.the resulting double-stranded cDNA was separated on a low
melting point agarose gel, and cDNA with an average size Gel shift assays were performed as described previously
(Brennan and Olson, 1990), using 3 ml of each in vitro trans-of 700 bp was linked to oligonucleotide adapters and then
ligated to the yeast expression vector lACT, in which lation reaction and 20,000 cpm of 32P-labeled oligonucleo-
tides. Oligonucleotides corresponding to the DrosophilacDNAs were fused to the GAL4 activation domain. After
packaging (Stratagene Packaging Kit), the library was titered daughterless (da)- and twist-binding sites in the rhomboid
promoter were used as probes (Ip et al., 1992; Jiang andin LE392 bacteria. The primary library contained about 1 1
107 independent clones, 95% of which contained cDNA Levine, 1993). An oligonucleotide corresponding to the
MEF2-binding site from the muscle creatine kinase (MCK)inserts. In this library, the abundance of the interaction
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enhancer was used as a nonspeci®c competitor (Gossett et Whole-Mount in Situ Hybridization
al., 1989). The sense strand sequences of these oligonucleo- Digoxigenin-labeled antisense and sense riboprobes for
tide probes were: Dermo-1 were synthesized from a 900-bp Dermo-1 cDNA
insert in pBSKII/. Whole-mount in situ hybridization was
performed as described (Edmondson et al., 1994) except thatda site: CTAGTCAACATATGCGAG
proteinase K treatments were modi®ed according to Byrne
twist site: CTAGCTAGCACATGTTGA et al. (1994) to facilitate probe penetration through skin.
Speci®cally, embryos ranging 12.5, 13.5, and 15.5 d.p.c. wereMCK E-box: GATCTCCAACACCTGCTGCGGATC
treated in 20 mg/ml proteinase K at 377C for 10, 15, and 20
MEF2 site: GATCGCTCTAAAAATAACCCTGTCG. min, respectively.
Transfection Assays RESULTS
To test for potential transcriptional activity of Dermo-1, Cloning of Dermo-1
the Dermo-1 cDNA was cloned into the pSG5 eukaryotic
To search for novel tissue-speci®c bHLH proteins, weexpression vector (Stratagene). The myogenin and E12 ex-
used the bHLH region of E12 as bait to screen a yeast expres-pression vectors have been described previously (Zhou and
sion library prepared from mRNA extracted from heads ofOlson, 1994). 10T1/2 cells were transiently transfected by
13.5 and 15.5 d.p.c. mouse embryos and brains of neonates.calcium phosphate precipitation as described (Li et al.,
The yeast strain used for the screen harbored integrated1992). The MCK-CAT reporter gene contains the MCK 5*
lacZ and HIS3 genes under control of the GAL4 DNA-bind-enhancer and basal promoter linked to CAT (Sternberg et
ing site. In the presence of 3-amino-1,2,4-triazole (3-AT), anal., 1988). 4Rtk-CAT contains four tandem copies of the
inhibitor of the HIS3 gene product, there is an approximateright E-box from the MCK enhancer linked to the thymidine
100-fold enrichment in yeast colonies that express HIS3,kinase (tk) basal promoter (generously provided by A. Las-
which reduces the total number of colonies that need to besar, Harvard Medical School). In each transfection, 5 mg of
screened for lacZ expression. From a screen of 5 1 106 yeastreporter and 5 mg of the indicated expression vectors were
transformants, 100 clones were identi®ed that grew in theused. Forty-eight hours after transfection, cells were har-
presence of 3-AT and expressed the lacZ marker. To testvested, and CAT activities were determined using aliquots
for speci®city, these clones were isolated and their plasmidsof extract containing equal amounts of protein.
were rescued and retransformed into yeast with expression
plasmids encoding GAL4±laminin and GAL4±PKC fusions,
which would not be expected to interact with bHLH pro-In Situ Hybridization
teins. Fifty-three of the original 100 clones were able to
activate lacZ expression with these heterologous bait plas-Mouse embryos at sequential developmental stages were
collected in phosphate-buffered saline and ®xed overnight mids, indicating that their encoded proteins did not interact
speci®cally with E12. As a further test for speci®city ofin 4% paraformaldehyde. Sections were prepared as de-
scribed (Lyons et al., 1990). 35S-labeled antisense riboprobes the interaction between the encoded proteins and E12, we
generated an E12 mutant in which the phenylalanine infor Dermo-1 and M-twist were synthesized using the in
vitro transcription kit from Ambion. The Dermo-1 probe helix-1 was converted to proline. This mutant was shown
to abolish interaction with myogenin and Id in the hostcontained an insert of 900 bp covering the entire open read-
ing frame, as well as the 3* untranslated region. The M- yeast strain Y153. The 47 clones that failed to interact with
the above heterologous baits also failed to interact withtwist probe contained only the 3* untranslated region, as
suggested (Wolf et al., 1991). To facilitate penetration of the E12 mutant, suggesting that they might encode HLH
proteins.probes into embryos, all riboprobes were hydrolyzed under
alkaline conditions for 5 min, resulting in an average size of The identities of the positive clones that passed the tests
for speci®city were determined by DNA sequencing and100 bp. Approximately 11 106 cpm in 20 ml of hybridization
buffer was applied to each slide. After extensive washing, by searching GenBank. The clones that were identi®ed are
shown in Table 1. Numerous tissue-speci®c bHLH proteinsslides were dipped in Kodak Emulsion and exposed at 47C
for 10 days. Sense probes were also used as negative con- and four different members of the Id family were isolated. In
addition, a bHLH protein that shared signi®cant homologytrols.
Under the hybridization conditions used, the full-length with members of the twist family was identi®ed. Based on
its high levels of expression in the dermis (see below), weDermo-1 riboprobe was speci®c for Dermo-1 and did not
cross-hybridize with M-twist transcripts. The same pattern named this protein Dermo-1.
In addition to the above bHLH proteins, we isolated 17of hybridization was observed when a riboprobe correspond-
ing to the 3*-untranslated region of Dermo-1 was used. cDNAs encoding proteins that interacted speci®cally with
E12 but lacked a recognizable bHLH motif. One of theseHowever, the signal was less intense.
Copyright q 1995 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ m4070$8024 10-02-95 23:52:04 dba Dev Bio
283Dermo-1: A Novel Twist-Related Protein
TABLE 1 Dermo-1 and M-twist also shared extensive homology in
Clones Isolated from Yeast Two-Hybrid Screen their carboxyl termini. The amino termini of Dermo-1 and
M-twist were also related, except that Dermo-1 lacked two
Identity Number cDNAs Isolated glycine-rich regions found in M-twist. Although the amino
acid sequences of Dermo-1 and M-twist were closely re-Dermo-1 1
lated, their 5*- and 3*-UTRs lacked homology.Scleraxis 3
Myogenin 2
MyoD 1
Temporal and Spatial Expression Pattern ofMASH-1 1
Dermo-1 during Embryogenesistal-2 1
Id 21 We investigated the expression pattern of Dermo-1 tran-
J9 class 11 scripts during development by in situ hybridization using
S6 Kinase 1 35S-labeled antisense RNA probes. During development,
Novel 5
Dermo-1 was expressed in a restricted but complex pattern.
Dermo-1 expression was barely detected at 9.5 d.p.c. (notNote. Positive clones isolated by screening for interaction with
GAL4(DBD)-E12 that ful®lled the criteria for speci®city were se- shown). By 10.5 d.p.c., expression was observed in the limb
quenced and their identities determined by searching GenBank. buds and the body wall (Fig. 2A). Dermo-1 expression in
the dorsal regions of the embryo overlapped with regions
populated in large part by sclerotomal cells. Expression of
Dermo-1 in other parts of the embryo became progressively
restricted toward the embryo surface. By 11.5 d.p.c., Dermo-cDNAs encoded S6 kinase and 16 were novel, with no re-
lated sequences in the database. There is a consensus se- 1 transcript levels increased dramatically in the dermatome,
sclerotome, and branchial arches (Fig. 2B). While expressionquence for S6 kinase phosphorylation amino terminal to
the bHLH region of E12 that could be involved in interac- was high in the somitic region, it was excluded from the
postmitotic muscle cells of the myotome. Dermo-1 ap-tion with S6 kinase. However, the ®rst helix of the HLH
region must also be involved since the E12-proline mutant peared to mark sclerotomally derived cells, which give rise
to ribs and vertebrae. By 12.5 d.p.c., Dermo-1 transcriptsfailed to interact with S6 kinase. Eleven of the novel cDNAs
shared a 91-amino-acid sequence of homology that did not had accumulated to a very high level near the surface of the
embryo and in regions containing chondrogenic cells (Fig.appear to encode a bHLH motif. We refer to these cDNAs
as the J9 class. The sequences of these cDNAs had no 2C). Sagittal sections at 12.5 d.p.c. also showed high expres-
sion of Dermo-1 in vertebrae extending along the rostrocau-matches in the database. Based on nucleotide differences
within the regions of these cDNAs that encoded the E12- dal axis of the embryo (Fig. 3A). Expression was also ob-
served in cranial mesenchymal cells around the nose, pha-binding domain, they appear to be derived from two separate
genes. Outside of the E12-binding domain, the two groups ryngeal arches, and tongue. At 13.5 d.p.c., Dermo-1
expression in the craniofacial mesenchyme increased, whileof J9 cDNAs were divergent. Further studies will be required
to determine whether this family of proteins plays a role in expression in the developing vertebrae began decreasing in
a rostral-to-caudal fashion, re¯ecting the degree of differen-regulating the functions of bHLH proteins. The remaining
®ve novel clones showed no homology to each other or to tiation of chondrogenic cells (Fig. 3B). This downregulation
of Dermo-1 expression in developing vertebrae continuedmembers of the J9 class.
The original Dermo-1 cDNA clone isolated from the yeast throughout development. As shown in Fig. 3C, the expres-
sion pattern of Dermo-1 became progressively restricted totwo-hybrid screen had an insert of 700 bp, which encoded
an uninterrupted open reading frame that began with a me- the outline of the caudal vertebral bodies at 15.5 d.p.c. Un-
der higher magni®cation, the transcripts were seen to bethionine and contained a bHLH region near the center of
the protein (Fig. 1A). This open reading frame encoded a localized in the perichondrial cells surrounding the cartilage
of the vertebrae (Figs. 4G and 4H). Dermo-1 was also ex-protein of 160 amino acids, Mr  18.124 kDa, pI  10.31.
Consistent with this predicted Mr , the Dermo-1 in vitro pressed in the perichondrium of the digits of the hindlimb
(Figs. 4E and 4F). As in the rest of the embryo, expressiontranslation product exhibited a Mr  20 kDa (not shown).
Northern analysis of RNA from 13.5-d.p.c. mouse em- in the tongue and jaw became progressively restricted to
the super®cial regions. In the developing skin, Dermo-1 ex-bryos using the Dermo-1 cDNA as a probe revealed tran-
scripts of about 1.2 and 1.4 kb (not shown). To isolate a pression intensi®ed from this time through 16.5 d.p.c. (Fig.
3D). Under high magni®cation, an embryo section at 16.5full-length Dermo-1 cDNA, a cDNA library from 13.5-d.p.c.
mouse embryos was screened under conditions of high d.p.c. showed that Dermo-1 transcripts were localized spe-
ci®cally to the dermal cells of the epidermal±dermal junc-stringency. The longest clone isolated extended 150 nucleo-
tides 5* of the ®rst ATG codon. tion and were absent in the epidermis and basal layer of the
skin (Fig. 4A). Expression of Dermo-1 in the dermis in-The HLH region of Dermo-1 was identical to that of M-
twist (Wolf et al., 1991), and the basic regions of the two creased continuously through 17.5 d.p.c. (Fig. 4B) and was
sustained until birth (not shown).proteins had only three amino acid differences (Fig. 1B).
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FIG. 1. Nucleotide sequence of Dermo-1 cDNA and homology with other bHLH proteins. (A) Nucleotide sequence and predicted open
reading frame of Dermo-1. The bHLH region, indicated in a black block, encompasses residues 66 ±118. (B) Homology between Dermo-1
and M-twist proteins. The bHLH region is outlined. (C) Homology between the bHLH region of Dermo-1 and other twist proteins. Sources
of sequences are (Wolf et al., 1991) M-twist, (Hopwood et al., 1989) Xenopus Twist, and (Thisse et al., 1988) Drosophila Twist.
Dermo-1 expression also correlated with hair follicle mor- tern of Dermo-1 expression in the whisker pad was signi®-
cantly higher than in the surrounding skin. Under highphogenesis. At 16.5 d.p.c., when the hair follicles begin to
mature and invaginate into the dermis, Dermo-1 expression magni®cation, Dermo-1 expression could be seen to be con-
®ned to the dermal sheath around the follicles (Fig. 4D).was observed in the developing dermal papilla cells (not
shown). In more mature hair follicles, the highest level of No hybridization signal was detected in the inner or outer
epidermal sheaths.Dermo-1 expression was in the dermal layer of the cortex
adjacent to the epidermal±dermal junction (Fig. 4B). In hair Since Dermo-1 and M-twist shared signi®cant sequence
homology, we compared the developmental expression pat-follicles, Dermo-1 transcripts were detected only in the der-
mal sheath and not in the epidermis-derived central region tern of M-twist with that of Dermo-1. At 10.5 d.p.c., M-
twist was expressed at high levels throughout the ®rstcontaining the hair shaft. Dermo-1 expression was also ob-
served in the whiskers, which are derived from cranial mes- branchial arch, limb buds, and the sclerotome and derma-
tome of the somites (Fig. 5A). M-twist expression was muchenchymal cells (Couly et al., 1993). At 17.5 d.p.c., the pat-
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FIG. 2. Expression pattern of Dermo-1 in transverse sections of mouse embryos. Dermo-1 transcripts were detected by in situ hybridization
to transverse sections of 10.5 (A)-, 11.5 (B)-, and 12.5 (C)-d.p.c. mouse embryos. Dermo-1 transcripts are detectable in dermatome, sclero-
tome, limb buds, and branchial arches. b, brain; ba, branchial arch; d, dermatome; ¯, forelimb bud; hl, hind limb; m, myotome; n, neural
tube; s, sclerotome.
FIG. 3. Expression pattern of Dermo-1 in sagittal sections of mouse embryos. Dermo-1 transcripts were detected by in situ hybridization
to sagittal sections of 12.5 (A)-, 13.5 (B)-, 15.5 (C)-, and 16.5 (D)-d.p.c. mouse embryos. Dermo-1 expression is present in the outline of
the vertebral body, the digits of the hindlimb, and the dermis of the skin. b, brain; h, heart; hd, digits of the hindlimb; hl, hind limb; id,
intervertebral discs; lu, lung; lv, liver; n, nose; or, oropharynx; r, rib; sk, skin; t, tongue; v, vertebrae. Sense probe shows no speci®c
hybridization above background.
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FIG. 6. Detection of Dermo-1 transcripts by whole-mount in situ hybridization. (A and B) 12.5-d.p.c. embryos. (C and F) 13.5-d.p.c.
embryos. (D and E) 15.5-d.p.c. embryos. Each panel shows the results of hybridization with a Dermo-1 digoxigenin-labeled antisense probe,
except (F), which shows hybridization with a sense probe. Note the presence of Dermo-1 expression in whisker pad, but absence in the
central epidermis-derived structure in each vibrissa.
FIG. 4. Expression of Dermo-1 in developing skin, hair follicles, and cartilage. Dermo-1 transcripts were detected by in situ hybridization
to thin sections of (A) 16.5, (B, C, and D) 17.5, and (E, F, G, and H) 15.5-d.p.c. embryos. (A) The skin of the 16.5-d.p.c. embryo presented
in Fig. 3D. Note the localization of silver grains to the dermis and their exclusion from the epidermis and basal layer. (C) A section
through the head. (B) An enlargement of a region in (C) containing a hair follicle (hf). (E and F) Cross sections of the hindlimb digits
presented in Fig. 3C. (G and H) The enlargement of a region in the vertebrae of the 15.5-d.p.c. embryo presented in Fig. 3C. Dermo-1
transcripts are shown in white in (C), (F), and (H) and as brown grains in (A), (B), (D), (E), and (G). dm, dermis; ds, dermal sheath; e,
epidermis; hf, hair follicle; pc, perichondrium; vb, vertebral body; w, whisker. Bar, 100 mm.
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FIG. 5. Expression of M-twist in mouse embryos. M-twist transcripts were detected by in situ hybridization to a transverse section of
a 10.5-d.p.c. embryo (A) or sagittal sections of 12.5 (B)-, and 13.5-d.p.c. (C) mouse embryos. Note that at 10.5 d.p.c., M-twist was highly
expressed in the mesenchymal cells of head and branchial arches, somitic mesoderm, forelimb, sclerotome, and dermatome.
higher and more widespread within these structures than tire body was not apparent until 15.5 d.p.c. (Fig. 6D), when
Dermo-1 transcripts were present throughout the body sur-was Dermo-1 at this stage. However, M-twist expression
was downregulated as development proceeded. At 12.5 and face. The expression of Dermo-1 was asynchronous over the
surface of the embryo, being high in the lateral region and13.5 d.p.c., Dermo-1 and M-twist showed similar expression
patterns (compare Figs. 3A and 3B and Figs. 5B and 5C). gradually appearing in the dorsal region as skin develop-
ment proceeded (Fig. 6E). A Dermo-1 sense probe did notIn adult tissues, Dermo-1 and M-twist transcripts were
not detectable by Northern analysis. However, they were show any speci®c hybridization to embryos (Fig. 6F and data
not shown).detected by RT±PCR at a low level in skin and several
muscular tissues including bladder, uterus, aorta, and heart
(data not shown). Dermo-1 transcripts were also readily de-
Dermo-1 Binds the E-box Consensus Sequence as atectable in 10T1/2 ®broblasts by RT±PCR (data not shown).
Heterodimer with E12In order to better visualize Dermo-1 expression in the
developing embryo, we examined expression by whole- We tested whether Dermo-1 translated in vitro was able
to bind several different E-boxes in gel mobility shift assays.mount in situ hybridization. Beginning at 10.5 d.p.c.,
Dermo-1 transcripts were detected at a low level over the We were unable to detect binding of Dermo-1 to any of the
E-boxes tested. However, in the presence of E12, we readilybody surface (data not shown). At 12.5 d.p.c., Dermo-1
mRNA was observed in the proximal part of the limb bud detected DNA binding to E-boxes representing the daugh-
terless- and twist-binding sites in the Drosophila rhomboidwhere mesenchymal condensations occurred (Fig. 6A). In-
tense staining for Dermo-1 transcripts was also observed in promoter (Fig. 7A) (Ip et al., 1992; Jiang and Levine, 1993).
Similarly, Dermo-1 together with E12 bound to the right E-the whisker pads, where the precursors of the vibrissae were
arranged in almost parallel rows (Fig. 6A). In a dorsal view of box from the MCK enhancer, which binds heterodimers of
myogenic bHLH proteins and E12 (Brennan and Olson,the embryo at 12.5 d.p.c., the pattern of Dermo-1 expression
re¯ected somite organization (Fig. 6B). At 13.5 d.p.c., the 1990). Surprisingly, M-twist failed to bind the above DNA
sequences in the presence of E12 (not shown), which sug-process of digit formation has been initiated; Dermo-1
mRNA was apparent in the digit zones of both forelimbs gests that Dermo-1 and M-twist have different DNA-bind-
ing speci®cities despite their similarity in the bHLH region.and hindlimbs (Fig. 6C). Dermo-1 expression also intensi-
®ed in whisker pads at this stage (Fig. 6C). However, no Given that Dermo-1 could bind to DNA in the presence
of E12, it is conceivable that it has the potential to functionexpression was seen in the central epidermal cells of each
vibrissae (Fig. 6C). Expression in hair follicles over the en- as a transcription factor. Because the natural target genes
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FIG. 7. DNA binding and transcriptional inhibition by Dermo-1. (A) Gel mobility shifts showing binding of E12 and Dermo-1 in vitro
translation products to different E-box probes. Only the regions of the gels containing the shifted probes are shown. The probes used for
each experiment are indicated at the top and the sequences are shown under Materials and Methods. The arrowheads to the right of each
panel point to the positions of the probe shifted by E12 plus Dermo-1. The faster migrating bands with the da and twist sites represent
the binding of nonspeci®c proteins from the reticulocyte lysates. 0, NS, and S denote no DNA competitor, nonspeci®c DNA competitor,
or speci®c DNA competitor, respectively. With the MCK E-box, we detected strong binding of E12 homodimers, which was lost in the
presence of Dermo-1 as a new complex appeared that seemed to represent binding of E12/Dermo-1 heterodimers. (B) 10T1/2 cells were
transiently transfected with the indicated CAT reporter genes in the presence of the indicated amounts in micrograms of expression
vector encoding myogenin or Dermo-1. Forty-eight hours later, cells were harvested and CAT activity was determined. (C) 10T1/2 cells
were transiently transfected with 4R-tkCAT in the presence of 5 mg of the indicated expression vector, and CAT activity was subsequently
determined as in (B). The percentage of conversion of [14C]chloramphenicol to acetylated products in each assay is indicated at the bottom.
for Dermo-1 remain to be identi®ed, we examined whether an E12 expression vector with myogenin and Dermo-1 into
transfected 10T1/2 cells. Excess E12 relieved the inhibitoryit might affect the expression of the MCK enhancer, using
a CAT reporter linked to that enhancer and the MCK basal activity of Dermo-1 on myogenin's transactivating activity
(Fig. 7C), suggesting that Dermo-1 inhibits transactivationpromoter. As shown in Fig. 7B, Dermo-1 failed to transacti-
vate the MCK enhancer in 10T1/2 cells. Indeed, it repressed by myogenin through competition for E-proteins.
the transcriptional activity of myogenin when they were
coexpressed. Similarly, Dermo-1 blocked the ability of myo-
genin to transactivate the reporter 4R-tkCAT, which con- DISCUSSION
tains the thymidine kinase basal promoter linked to four
tandem copies of the MCK right E-box (Fig. 7B). The selectivity of E12 for dimerization with cell-type-
speci®c Class B bHLH proteins has facilitated the cloningThe inhibitory activity of Dermo-1 could be mediated by
competition with myogenin for binding to E-boxes in the of several new bHLH proteins using the yeast two-hybrid
system (Staudinger et al., 1993; Burgess et al., 1995; Cserjesitarget genes or it could be due to competition with myo-
genin for dimerization with E-proteins, which are limiting. et al., 1995a,b). We used this approach to screen for E12
dimerization partners in a cDNA library prepared fromTo distinguish between these possibilities, we introduced
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heads and brains of mouse embryos and neonates. A number in the ventromedial region of the sclerotome (Deutsch et
al., 1988), and scleraxis is expressed in the region ventrolat-of cDNAs isolated from our two-hybrid screen encoded
known HLH proteins. There were also several novel cDNAs eral to the neural tube (Cserjesi et al., 1995a). The expres-
sion of Dermo-1 in both cell populations suggests that itincluding Dermo-1. Among the other novel clones, 11
seemed to be encoded by two related genes that did not may collaborate with Pax-1 or scleraxis to regulate the dif-
ferentiation of distinct subsets of vertebral precursor cellshave apparent HLH motifs. However, these clones, which
we refer to as the J9 class, appeared to interact with E12 during sclerotome maturation. Dermo-1 was also expressed
in the chondrogenic lineage throughout the embryo, includ-through a determinant that overlaps with those of HLH
proteins. It will be interesting to determine whether these ing in craniofacial mesenchyme in the mandibular and max-
illary processes and in mesenchymal precursors in the axialclones in¯uence the function of E12 in transcription. The
yeast two-hybrid system has led to the identi®cation of and appendicular skeleton.
Like other members of the twist family, Dermo-1 tran-several novel substrates for protein kinases (Staudinger et
al., 1995; Yang et al., 1992). We also found that S6 kinase scripts were excluded from the myotomes, in which the
myogenic bHLH genes are expressed. Recently, M-twist hasinteracted with E12 in the yeast two-hybrid system.
Whether E12 is a substrate for S6 kinase in vivo remains to been proposed to act as an inhibitor of muscle differentia-
tion in vitro (Hebrok et al., 1994). Here, we demonstratedbe determined.
The sequence of Dermo-1 is closely related to that of that Dermo-1 is unable to activate transcription through a
multimerized E-box from the MCK enhancer. Instead,members of the twist family. The expression pattern of
Dermo-1 during embryogenesis is similar to but distinct Dermo-1 inhibited transactivation by myogenin. This inhi-
bition could be relieved in the presence of excess E12, whichfrom that of M-twist. Unlike M-twist, which is ®rst de-
tected at 8.0 d.p.c. in the somites and somatopleural region suggests that the inhibition was mediated at least in part by
competition between Dermo-1 and myogenin for a limitedof the lateral plate (Wolf et al., 1991) and increases to high
levels in the mesenchymal cells of the head and the amount of E12. The exclusion of Dermo-1 from the myo-
tome is consistent with its ability to interfere with the ac-branchial arches at 9.5 d.p.c., Dermo-1 expression was
barely detected at 9.5 d.p.c. Beginning at 10.5 d.p.c., Dermo- tivity of myogenin. Perhaps a function of Dermo-1 and M-
twist is to ensure that muscle gene expression is restricted1 was expressed in the limb buds and body wall. While
the overall expression of M-twist declines after 10.5 d.p.c., to the myotomal compartment.
Because tissue-restricted HLH proteins have been shownDermo-1 transcript levels increase and become more re-
stricted in the craniofacial mesenchyme, chondrogenic pre- to play an important role in cell lineage determination and
differentiation, the expression of Dermo-1 in dermal cellscursors, and dermis of the skin, including the dermal
sheaths of the hair follicles and vibrissae. throughout the embryo suggests its role in skin develop-
ment. Skin consists of at least two layers, epidermis andTwist was ®rst identi®ed in Drosophila as a zygotic gene
that controls dorsoventral patterning during embryogenesis dermis, and its morphogenesis involves a series of inductive
events between these two layers (Sengel, 1990). There is(Simpson, 1983; NuÈ sslein-Volhard et al., 1984). Twist ex-
pression is initiated at the cellular blastoderm stage in a substantial evidence that mesenchymal cells in the dermal
layer are the predominant tissue that signals the ectoderm,layer of mesodermal cells along the ventral midline (Thisse
et al., 1988). In twist mutant embryos, mesoderm fails to transforming it into epidermis that subsequently differenti-
ates into basal and super®cial layers. The epidermal cellsform (NuÈ sslein-Volhard et al., 1994). A twist homologue,
Xtwi, has also been cloned from Xenopus (Hopwood et al., also induce the underlying dermis to initiate organogenesis
of cutaneous appendages. Skin development occurs at a rela-1989). During embryogenesis, Xtwi is expressed in the
mesoderm at gastrulation and later in the notochord, lateral tively late stage of embryogenesis. In the mouse, the epider-
mis and dermis become morphologically recognizable atplate mesoderm, sclerotomes of the somites, and cranial
neural crest cells. A single twist homologue, M-twist, has 12.5 d.p.c. By 16.5 d.p.c., the dermis is clearly distinct, par-
ticularly in the lateral and ventral regions of the embryo,been identi®ed in mammals. The functions of M-twist have
been examined by gene targeting. In the absence of twist, while the dermal layer remains vague in the dorsal region
(Sengel, 1976). The differentiation of the epidermal layerembryos die at embryonic Day 11.5 due to a failure of the
cranial neural folds to fuse (Chen and Behringer, 1995). Be- proceeds in a similar manner, early and rapid in the lateral
region, late and slow in the dorsal region. Previous studiescause twist is not expressed in the neural tube, this defect
apparently arises from defects in the surrounding cranial have shown that the distribution of keratin mRNAs corre-
lates with this pattern of epidermal differentiation (Byrnemesenchyme.
The expression pattern of Dermo-1 during embryogenesis et al., 1994). We observed that Dermo-1 exhibited a similar
pattern of expression, implying that the dermal and epider-suggests that Dermo-1 may be involved in the same embry-
onic processes as several other transcription factors. In the mal layers differentiate coordinately. Dermis and epidermis
are separated by the epidermal±dermal junctions in whichsclerotome, the expression of Dermo-1 overlapped that of
Pax-1 and another HLH protein, scleraxis. Expression of the shape and orientation of dermal cells, as well as the
extracellular matrix beneath epidermal basal cells, differDermo-1 appeared to mark all sclerotomally derived cells
that give rise to vertebrae. In contrast, Pax-1 is expressed greatly depending on the origin of the skin (Sengel, 1990).
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opment and initiation of immunoglobulin gene rearrangements.Although the dermal cells in the head region are derived
Cell 79, 885±892.from a subpopulation of cephalic neural crest cells (Couly
Benezra, R., Davis, R. L., Lockshon, D., Turner, D. L., and Wein-et al., 1993) and the dermal cells in the body are derived
traub, H. (1990). The protein Id: A negative regulator of the helix±from the dermatome, Dermo-1 is expressed in an identical
loop±helix DNA binding proteins. Cell 61, 49±59.fashion at the dermal±epidermal junction.
Brennan, T. J., and Olson, E. N. (1990). Myogenin resides in the
Recently, a number of transcription factors have been nucleus and acquires high af®nity for a conserved enhancer ele-
shown to be expressed in developing skin. The POU domain ment on heterodimerization. Genes Dev. 4, 582±595.
proteins, skn-la and skn-li, are expressed speci®cally in the Buckingham, M. (1992). Making muscle in mammals. Trends
epidermal layer of the skin, where they regulate cytokeratin Genet. 8, 144±148.
10 gene expression (Anderson et al., 1993). Expression of Burgess, R., Cserjesi, P., Ligon, K. L., and Olson, E. N. (1995). Par-
axis: A basic-helix ±loop±helix protein expressed in paraxialAP-2A transcripts in the skin has also been shown to corre-
mesoderm and developing somites. Dev. Biol. 168, 296±306.late with keratinocyte differentiation (Byrne et al., 1994).
Byrne, C., Tainsky, M., and Fuchs, E. (1994). Programming geneHowever, AP-2B mRNAs are primarily expressed in the der-
expression in developing epidermis. Development 120, 2369±mis. In contrast to the restricted expression pattern of
2383.Dermo-1 in the dermis, AP-2B transcripts are uniformly
Chen, Z.-F., and Behringer, R. R. (1995). twist is required in headdistributed in the dermal layer of the skin (Byrne et al.,
mesenchyme for cranial neural tube morphogenesis. Genes Dev.
1994). Similarly, expression of MHox, a paired-like homeo- 9, 686 ±699.
box gene, is also evenly distributed in the dermal layer (Kur- Cserjesi, P., Brown, D., Ligon, K. L., Lyons, G., Copeland, N. G.,
atani et al., 1994). Based on the expression patterns of these Gilbert, D. J., Jenkins, N. A., and Olson, E. N. (1995a). Scleraxis: A
transcription factors in the dermis, it is likely that they basic-helix±loop±helix protein that pre®gures skeletal formation
participate in different processes involved in skin morpho- during mouse embryogenesis. Development 121, 1099±1110.
Cserjesi, P., Brown, D., Lyons, G. E., and Olson, E. N. (1995b).genesis.
Expression of the novel basic helix±loop±helix gene eHAND inThe natural target for Dermo-1 has not been identi®ed.
neural crest derivatives and extraembryonic membranes duringHowever, Dermo-1 exhibits overlapping expression pat-
mouse development. Dev. Biol. 170, 664±678.terns with type I collagen during embryogenesis (Nieder-
Couly, G. F., Cotley, P. M., and Le Douarin, N. M. (1993). Thereither et al., 1992). Whether Dermo-1 regulates the type I
triple origin of skull in higher vertebrates: A study in quail-chickcollagen promoter remains to be determined. Because of the
chimeras. Development 117, 409 ±429.
unique localization of Dermo-1 transcripts in the dermal± Deutsch, U., Dressler, G. R., and Gruss, P. (1988). Pax-1, a member
epidermal junction, further characterization of the function of a paired box homologous murine gene family, is expressed in
and regulation of Dermo-1 in dermal cells may lead to a segmented structures during development. Cell 53, 617±625.
better understanding of the signaling pathways that link Edmondson, D. G., Lyons, G. E., Martin, J. F., and Olson, E. N.
dermis induction and epidermal speci®cation. Inactivation (1994). MEF2 gene expression marks the cardiac and skeletal
muscle lineages during mouse embryogenesis. Development 120,of Dermo-1 in mouse through homologous recombination
1251±1263.will shed light on the potential function of Dermo-1 during
Elledge, S. J., Mulligan, J. T., Ramer, S. W., Spottswood, M., andembryogenesis.
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